Casein kinase I (CK-I) is a ubiquitous and highly conserved second messenger-independent serine (Ser)/threonine (Thr)-protein kinase with a molecular weight of 25-55 kDa.
vitro, we set out to (i) detect the phosphorylation of five recombinant C-kinase isoforms (a, bII, g, d and h) by CK-I and the stimulatory effect of CH-3S on the CK-I-mediated phosphorylation of rhC-kinase h; and (ii) determine the physiological significance of the CK-I-mediated phosphorylation of rhC-kinase h in the presence of CH-3S.
MATERIALS AND METHODS

Materials [g-
32 P]ATP (3000 Ci/mmol) was obtained from Amersham Pharmacia Biotech (Arlington Heights, U.S.A.); cholesterol-3-sulfate (CH-3S, 5-cholesten-3b-ol sulfate, cholesterol sodium sulfate), epigallo-catechin gallate and quercetin from Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan); dithiothreitol (DTT), phosphatidylserine (PS), diacylglycerol (DG), myelin basic protein (MBP) and protamine sulfate from Sigma Chemical (St. Louis, U.S.A.); and CK-I-7 [N-(2-aminoethyl)-5-chloro-iso-quinoline-8-sulfonamide (a specific CK-I inhibitor)] from Seikagaku Kogyo (Tokyo, Japan).
Protein Kinases Rat liver CK-I (specific activity: 17500 units/mg) was obtained from Promega Co. (Madison, U.S.A.); rat brain C-kinase a (specific activity: 1-2 mmol phosphate/min/mg protein transferred to histone) from Molecular Probes, Inc. (Oregon, U.S.A.); and recombinant human C-kinase h [rhC-kinase h (approx. 80 kDa), specific activity: 0.6 mmol phosphate/min/mg protein transferred to epsilon peptide substrate]; and other recombinant human C-kinase isoforms (bII, g and d) from Biomol Resarch Laboratories Inc. (Plymouth Meeting, PA, U.S.A.).
Phosphorylation of C-Kinase h h by CK-I in Vitro Phosphorylation of C-kinase h by CK-I was measured in standard reaction mixtures (50 ml) comprising 40 mM Tris-HCl (pH 7.6), 2 mM DTT, 3 mM Mn 2ϩ , rhC-kinase h (approx. 50 ng), CK-I (approx. 20 ng), 5 mM [g-32 P]ATP (500 cpm/pmol) and 3 mM CH-3S. After incubation for the indicated periods at 30°C, 32 P-labeled rhC-kinase h (p80) in the reaction mixtures was detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiography, as reported previously.
2)
Assay for the Activity of C-Kinase h h The activity (phosphorylation of MBP or protamine sulfate) of rhC-kinase h (approx. 20 ng) was assayed in reaction mixtures (50 ml) comprising 40 mM Tris-HCl (pH 7.4), 2 mM DTT, 5 mM [g-32 P]ATP (500 cpm/pmol), 10 mM Mg 2ϩ , 3 mM CH-3S and 5 mg of MBP or protamine sulfate. After incubation for 30 min at 30°C, 32 P-labeled MBP (p21) or protamine sulfate (p18) in the reaction mixtures was directly detected by autoradiography after SDS-PAGE, as reported previously. , PSϩDG or CH-3S). It was found that (i) autophosphorylation of three C-kinase isoforms (g, d and h) were significantly stimulated in the presence of their activators (lanes 2, 5 and 8, Fig. 1) ; and (ii) these three C-kinase isoforms were phosphorylated by CK-I with different substrate activities in the presence of their activators (lanes 3, 6 and 9, Fig. 1 ). Particularly, rhC-kinase h was highly phosphorylated by CK-I in the presence of CH-3S in vitro (lane 9, Fig. 1 ). Under the same assay conditions, no significant phosphorylation of the other two C-kinase isoforms (a and bII) by CK-I was detected (data not shown).
Characterization of the CK-I-Mediated Phosphorylation of rhC-Kinase h h in Vitro An optimum dose of CH-3S for the CK-I-mediated phosphorylation of rhC-kinase h by CK-I was determined. rhC-kinase h was phosphorylated by CK-I in a manner dose-dependent on CH-3S and its optimum dose was found to be approx. 3 mM (Fig. 2A) . In the presence of 3 mM CH-3S, phosphorylation of rhC-kinase h by CK-I increased time-dependently within 15 min and reached a plateau at 30 min (Fig. 2B ). In the absence of CH-3S, phosphorylation of rhC-kinase h by CK-I was less 20% of that determined in the presence of 3 mM CH-3S (Fig. 2B ). Approx. 3.8 mol g-phosphate of ATP were transfered into a molecule of PKC h by CK-I under the optimum assay conditions. In addition, CK-I in the absence of CH-3S phosphorylated only Thr-residues on rhC-kinase h (lane 1, Fig. 2C ), whereas, in the presence of 3 mM CH-3S, CK-I phosphorylated Thr in preference to Ser on rhC-kinase h (lane 2, Fig.  2C ).
The inhibitory effects of several protein kinase inhibitors, such as CK-I-7 and three polyphenol-containing anti-oxidative compounds (galloyl pedunculagin, 14) epigallo-catechin gallate and quercetin 15) ) on the CK-I-mediated phosphorylation of rhC-kinase h were examined in vitro. These three polyphenol-containing compounds inhibited the activities of both CK-I and rhC-kinase h without kinase specificities in vitro (data not shown). Phosphorylation of rhC-kinase h by CK-I was inhibited more than 95% by 10 mM CK-I-7, whereas the same dose reduced about 15% of the rhCkinase h-mediated phosphorylation of MBP (Fig. 3) . 110 Vol. 27, No. 1
Fig. 1. Phosphorylation of Three Distinct C-Kinase Isoforms by CK-I in Vitro
Three distinct C-kinase isoforms (g, d and h, approx. 50 ng each) were separately preincubated for 40 min at 30°C with 5 mM [g-32 P]ATP (500 cpm/pmol). After autophosphorylation of these C-kinase isoforms, CK-I (approx. 20 ng) was added to the reaction mixtures and further incubated for 20 min at 30°C in the presence or absence of their activators (Ca 2ϩ , PSϩDG or CH-3S).
32
P-Labeled C-kinase isoforms (g, d and h) in the reaction mixtures were separately detected by SDS-PAGE followed by autoradiography. 
CK-I-Mediated Activation of rhC-Kinase h h in Vitro
The physiological significance of the CK-I-mediated phosphorylation of rhC-kinase h was examined in vitro. After incubation (30 min at 30°C) of rhC-kinase h with CK-I and 10 mM ATP in the presence or absence of 3 mM CH-3S, the activities (phosphorylation of MBP or protamine sulfate) of phosphorylated and unphosphorylated rhC-kinase h were comparatively determined. Phosphorylation of MBP and protamine sulfate by rhC-kinase h was stimulated approx. 2.5-and 3.2-fold, respectively, when rhC-kinase h was fully phosphorylated by CK-I in the presence of 3 mM CH-3S (Fig.  4B) . This stimulation was prevented by 10 mM CK-I-7 ( lanes  3 and 6, Fig. 4B ). Under the assay conditions, both MBP and protamine sulfate did not function as phosphate acceptors for CK-I in vitro (data not shown). In addition, the phosphorylated form of rhC-kinase h phosphorylated MBP time-dependently with different phosphorylating ability (approx. 4.5-fold at 5 min), as compared with that of the unphosphorylated rhC-kinase h in vitro (Fig. 5) . Under the same experimental conditions, similar phosphorylation kinetics were observed using protamine sulfate instead of MBP as a phosphate acceptor for the activated rhC-kinase h (data not shown). These results suggest that CK-I mediates the activation of rhC-kinase h through its full phosphorylation in the presence of CH-3S in vitro.
DISCUSSION
In the present study, we observed that (i) CH-3S functioned as an effective activator for the CK-I-mediated phosphorylation of rhC-kinase h in vitro (Figs. 1 and 2A) ; (ii) rhC-kinase h among five recombinant C-kinase isoforms was the most effective phosphate acceptor for CK-I in the presence of CH-3S in vitro (lane 9, Fig. 1) ; (iii) this phosphorylation was completely inhibited by 30 mM CK-I-7 (Fig. 3B) ; and (iv) CK-I phosphorylated Thr in preference to Ser on rhC-kinase h (lane 2, Fig. 2C ). These results show that CH-3S appears to be an effector to induce the phosphorylation of rhC-kinase h by CK-I in vitro, as has been shown in the 
. Selective Inhibition of the CK-I-Mediated Phosphorylation of rhCKinase h by CK-I-7 in Vitro
Phosphorylation of rhC-kinase h by CK-I was carried out in standard reaction mixtures in the presence or absence of the indicated doses of CK-I-7. After incubation (15 min at 30°C), 32 P-labeled rhC-kinase h (p80) in the reaction mixtures was detected by SDS-PAGE followed by autoradiography. The autoradiogram was scanned by spectrophotometry. The phosphorylation rate of rhC-kinase h is represented as a percentage of that (100%) determined in the absence of CK-I-7. As a comparative experiment, the inhibitory effect of CK-I-7 on the activity (phosphorylation of MBP) of rhC-kinase h was determined. Phosphorylation of rhC-kinase h by CK-I in the presence of 3 mM CH-3S (᭹); and phosphorylation of MBP by rhC-kinase h (᭺). 
CK-I-mediated phosphorylation of HMG1 (a CH-3S-binding protein) in vitro.
3)
Although rhC-kinase h has eight potential phosphorylation sites [S(p)XXXS/T] for CK-I, 16) rhC-kinase h did not function as a substrate for CK-I in the absence of CH-3S in vitro, except for its autophosphorylation (phosphorylation of Thr-residues) in vitro (lane 1, Fig. 2C ). It seems likely that the direct binding of CH-3S to rhC-kinase h may induce its conformational changes, leading to provide novel phosphorylation sites, including Ser-residues (lane 2, Fig. 2C ), for CK-I in vitro, as has been shown in the CH-3S-induced drastic phosphorylation of HMG1 by CK-I in vitro.
2) Several CH-3S molecules may bind to a rhC-kinase h molecule, because (i) the phosphorylation of rhC-kinase h by CK-I increased in a dose dependent manner on CH-3S and, at approx. 3 mM, a maximum phosphorylation of rhC-kinase h was observed (Fig. 2A) ; and (ii) full phosphorylation of rhC-kinase h by CK-I resulted in the significant activation of rhC-kinase h in vitro (lanes 2 and 5, Fig. 4; and Fig. 5 ). In addition, it should be noted that two C-kinase isoforms (g and d) are also phosphorylated by CK-I in the presence of their activators (Ca 2ϩ and PSϩDG) (lanes 3 and 6, Fig. 1 ). Slight activation was observed when these two isoforms (g and d) were fully phosphorylated by CK-I in the presence of their activators (data not shown).
By the analytical in vitro experiments to determine the physiological significance of the CK-I-mediated activation of rhC-kinase h (a CH-3S-binding protein), we found that CK-I mediates significant activation of rhC-kinase h in the presence of CH-3S in vitro (Fig. 4) . It has been demonstrated that (i) C-kinase h is expressed predominantly and localized exclusively in the epithelial cells of the outermost granular layer [5] [6] [7] ; (ii) C-kinase h is physiologically correlated with CK-I and directly activates Fyn (a tyrosine kinase of the Src family), leading to keratinocyte growth arrest and differentiation 7, 17) ; (iii) C-kinase h associates with the cyclin E/ cdk2/p21 complex in the cytoplasm of normal human keratinocytes and this association results in the inhibition of cdk2-kinase activity, leading to the G1 arrest 7, 18) ; and (iv) the sulfation of cholesterol may play a role in the terminal differentiation of epithelial cells. 7, 19) Our results presented here and these reports suggest that the phosphorylation of C-kinase h by CK-I in the presence of CH-3S may be implicated in the specific activation of the C-kinase h-mediated signal transduction involved in differentiation of keratinocytes.
However, to understand clearly the physiological correlation of C-kinase h with CK-I in the presence of CH-3S in the C-kinase h-mediated signal transduction involved in differentiation of keratinocytes, the following analytical studies are required: (i) determination of the CH-3S-binding sites and the CH-3S-induced phosphorylation sites for CK-I on C-kinase h in vitro; (ii) identification of novel functional mediators specifically phosphorylated by the C-kinase h activated by CK-I at the cellular level; and (iii) investigation of the CK-I-regulated physiological interaction between C-kinase h and cdk2-kinase in vitro. After full phosphorylation of rhC-kinase h by CK-I in the presence of 3 mM CH-3S and 5 mM [g-32 P]ATP, the activities (phosphorylation of MBP) of phosphorylated and unphosphorylated rhC-kinase h were determined. After incubation for the indicated periods (0-15 min) at 30°C, the 32 P-labeled MBP (p21) in the reaction mixtures was detected by 17.5% SDS-PAGE followed by autoradiography. The autoradiogram was scanned by spectrophotometry and represented graphically to compare the phosphorylation of MBP by rhC-kinase h unphosphorylated (᭹) and phosphorylated by CK-I (᭺).
